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ABSTRACT
We present spectroscopy and time-series photometry of the dwarf nova QZ Ser. The spectrum
shows a rich absorption line spectrum of type K4±2. K-type secondary stars are generally seen in
dwarf novae with orbital periods Porb ∼ 6 h, but in QZ Ser the absorption radial velocities show
an obvious modulation (semi-amplitude 207(5) km s−1) at Porb = 119.752(2) min, much shorter
than typical for such a relatively warm and prominent secondary spectrum. The Hα emission-line
velocity is modulated at the same period and roughly opposite phase. Time-series photometry
shows flickering superposed on a modulation with two humps per orbit, consistent with ellipsoidal
variation of the secondary’s light. QZ Ser is a second example of a relatively short-period dwarf
nova with a surprisingly warm secondary. Model calculations suggest that the secondary is
strongly enhanced in helium, and had already undergone significant nuclear evolution when mass
transfer began. Several sodium absorption features in the secondary spectrum are unusually
strong, which may indicate that the present-day surface was the site of CNO-cycle hydrogen
burning in the past.
Subject headings: stars – individual; stars – binary; stars – variable.
1. Introduction
Cataclysmic variable stars (CVs) are close bi-
nary systems in which a low-mass secondary trans-
2Also at Joint Astronomy Center, Hilo, Hawaii.
1Based in part on observations obtained at the MDM
Observatory, operated by Dartmouth College, Columbia
University, Ohio State University, and the University of
Michigan.
fers mass onto a white dwarf; Warner (1995) wrote
an excellent monograph on CVs.
The Roche geometry tightly constrains the sec-
ondary star’s mass at a given orbital period Porb.
Short-period systems have low-mass secondaries,
so if the chemical composition is normal (X ∼
0.7), the secondary is a faint M dwarf or brown
dwarf and contributes negligibly to the visible-
1
light spectrum (Fig. 4 of Patterson 2001); How-
ever, Thorstensen el al. (2002) found a K4 ±2 sec-
ondary in the dwarf nova 1RXS J232953.9+062814
(hereafter RX 2329+06), which has Porb = 64 min.
They suggested that the secondary was somewhat
evolved at the start of mass transfer, with its core
substantially enhanced in helium. In this sce-
nario the portion of the secondary remaining to-
day corresponds to the core of the original star,
and the enhanced helium greatly affects the mass-
temperature relation.
Here we present new observations of the dwarf
nova QZ Ser, which appears to be a close relative
of RX 2329+06. QZ Ser was discovered by Kat-
sumi Haseda in 1998 and designated as HadV04
in the discovery notification (vsnet-obs 18349)3 ,
in which T. Kato suggested an identification with
the ROSAT WGA source 1WGAJ1556.9+2108
(White, Giommi, & Angelini 1994). The outburst-
ing object was discovered on small-scale patrol
films, and its quiescent counterpart was initially
uncertain. On 2001 June 28 we obtained a spec-
trum of the star nearest the position, and it proved
to be an ordinary late-type star. Returning to the
field on 2002 January 20 we obtained a spectrum of
a somewhat fainter star 11 arcsec to the northwest.
This showed the distinctive broad Balmer emission
characteristic of dwarf novae at minimum light, to-
gether with absorption features of a late-type star.
On 2002 Feb 3.23 UT, P. Schmeer detected an out-
burst of QZ Ser (vsnet-campaign 1281), and an
examination of an outburst image by H. Yamaoka
(vsnet-alert 7172) confirmed that the outbursting
object was on the position of the emission-line ob-
ject, cementing the identification.
The position of QZ Ser, derived from a fit to
62 USNO A2.0 stars (Monet et al. 1996) on one
of our 1.3m images (described below), is αICRS =
15h 56m 54s.50, δICRS = +21
◦ 07′ 19′′.5 (±0.′′3
estimated uncertainty). Its position in the USNO
A2.0 is not significantly different, which sets an
upper limit on its proper motion µ<∼ 0
′′.03 yr−1.
The Living Edition of the Catalog and Atlas of
Cataclysmic Variables (Downes et al. 2001) gives
an up-to-date finding chart.
3The vsnet mailing list archives are available at
http://vsnet.kusastro.kyoto-u.ac.jp/vsnet/index.html
2. Observations and Analysis
Our time-series photometry is from the 1.3 m
Mcgraw-Hill telescope at MDM Observatory on
Kitt Peak, during 2002 February. After bias sub-
traction and flat fielding our I-band CCD pictures,
we measured instrumental magnitudes using aper-
ture photometry, and differenced the program star
against a nearby comparison object.
On 2002 January 21 we obtained UBVI expo-
sures in photometric conditions with the 1.3 m
telescope. We measured these with DAOPHOT
and transformed to standard UBVI magnitudes
using observations of Landolt (1992) standard
stars. Our BV observations agreed within a few
hundredths of a magnitude with photometry listed
by Henden 4. QZ Ser had V = 17.69, B − V =
0.72, U − B = −0.32, and V − IKC = 1.22, rather
redder than typical short-period dwarf novae at
minimum light.
Table 1 gives a journal of our spectroscopy, all
of which is from the 2.4 m Hiltner telescope at
MDM Observatory on Kitt Peak. The procedures,
instrumental setup and reduction were essentially
as described in Thorstensen et al. (1998). Nearly
all the exposures from the extensive 2002 February
data set were 480 s, the total exposure in Febru-
ary being 38820 s. Because of the season, the
February data span only 3.4 h of hour angle. Four
480-s spectra were taken in 2002 June, after this
paper was first submitted, mostly to improve the
ephemeris.
Fig. 1 shows the mean spectrum from Febru-
ary. The mean spectrum from January, before the
outburst, appears somewhat similar, but with a
flux level ∼ 30 per cent lower in the V band, a
marginally redder continuum, and much weaker
He I emission, and in June the spectrum resem-
bled the one taken in January. Without simul-
taneous photometry it is difficult to be certain,
but in February the star may have been slightly
brighter than its minimum, perhaps because of the
outburst earlier that month. Table 1 details the
emission lines in the February spectrum. The lines
appear double-peaked at the top, with separation
∼ 600 km s−1. Late-type absorption features are
also present.
We measured absorption velocities by cross-
4see ftp://ftp.nofs.navy.mil/pub/outgoing/aah/sequence/
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correlating our spectra against a rest-frame sum
of late-type IAU velocity standards, using xcsao
(Kurtz & Mink 1998). The 6000 to 6500 A˚ re-
gion gave the best results, with mean formal un-
certainty 10 km s−1. We discarded a few veloci-
ties with large formal errors, leaving four veloci-
ties from 2002 January and 69 from 2002 Febru-
ary. A least-squares period search (Thorstensen
et al. 1996) showed a strong periodicity near two
hours. Because the velocity uncertainties are small
compared to the amplitude, the period is deter-
mined without ambiguity in the daily cycle count
despite the relatively small hour-angle span of the
data, and the cycle count between the January
and February velocities is also secure. Table 3
gives sinusoidal fit parameters for the velocities,
and Fig. 2 shows the velocities folded on the pe-
riod. Hα emission-line velocities measured using
a convolution method sensitive to the line wings
(Schneider & Young 1980) gave noisier velocities
(also in Fig. 2), but yielded a consistent period. A
fit to the emission-line velocities with the period
fixed at the more accurate absorption-line value
gave parameters listed in Table 3. The phase of the
emission line velocities lags the absorption lines
by 0.58(2) cycles (formal error), whereas a lag of
exactly 0.5 would be expected if the emission ac-
curately traced the white-dwarf motion. We con-
clude that, as often is the case, the emission lines
do not trace the white dwarf motion accurately.
The equal periods and roughly opposing phases of
the emission and absorption do confirm that they
arise in the same system, and that the absorption
features are from the secondary and not some in-
terloper.
Fig. 3 shows a greyscale representation of the
February spectra arranged as a function of phase
(Taylor et al. 1998). The sharp absorption features
and their modulation are obvious. The HeI λ 5876
line shows evidence of an S-wave, i.e., an emission
component apparently arising from the hot spot
where the accretion stream strikes the disk. A
phase-dependent absorption around λ5910, with
∼ 20 A˚ FWHM is also clearly visible. We mea-
sured the feature’s equivalent width in the original
spectra, and while these measures were noisy they
showed a smooth and persistent modulation with
binary phase (Fig. 2, lower panel). A sine fit gave a
mean EW of 3.8 A˚, with a half-amplitude of 2.2 A˚.
The feature reaches maximum strength around the
time of maximum radial velocity of the secondary.
It seems likely that this feature is due to sodium,
but we have been unable to explain it further. Its
diffuseness suggests a velocity spread character-
istic of the accretion structures rather than the
stellar photosphere. Although phase-dependent
absorption calls to mind the superficially similar
phenomenon in SW Sex stars, the morphology and
phasing of this feature in the single-trailed spec-
trum is quite different from typical SW Sex ab-
sorption events (see e.g. Taylor et al. 1998).
To estimate the secondary’s spectral type, we
used spectra (obtained with the same instrumen-
tal setup) of stars classified by Keenan & McNeil
(1989). Using two temperature-sensitive line ra-
tios appropriate for our spectral resolution and
coverage, we found K4 ± 2 subclasses for QZ Ser’s
secondary. Most of the absorption features ap-
peared similar to the spectral type standards, but
the standards do not show the broad λ5910 fea-
ture noted above. A pair of absorption lines at
λλ5683, 5688 also appears unusually strong, with
equivalent widths of 0.9 and 1.2 A˚ respectively.
These are evidently a Na I triplet at λλ 5682.63,
5688.19, and 5688.21.
The strength of these lines prompted us to
search for other sodium features. The NaD lines
are unsuitable because of saturation and confusion
with λ5876 (they may also be responsible for the
unusual λ5910 feature), but a search of the NIST
atomic line database 5 yields other features. One,
near at λ6154.225, appears enhanced in equiva-
lent width by a factor of about three compared to
our K star standards; a neighboring sodium line at
λ6160.747 is unfortunately blended with a strong
Ca I line at our resolution. In several other fea-
tures (a blend of λλ4978.5 and 4982.8, and one
at λλ4664.8 and 4668.6) the enhancement is not
enough to be significant, though the features are
clearly detected. All the sodium features consid-
ered here arise from the 3p level, further corrob-
orating the line identification. These sodium fea-
tures move with the secondary’s spectrum, so we
conclude that there is circumstantial evidence for
an enhanced sodium abundance in the secondary’s
photosphere.
Because the spectrum does not appear perfectly
normal, we cannot put a strong constraint on the
5http://physics.nist.gov/cgi-bin/AtData/main asd
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fraction of the light contributed by the secondary,
but it is clearly very substantial. From system-
atically subtracting the library spectra from the
average spectrum, we estimate that the secondary
contributes 70 ± 20 percent of the light in the
5500 – 6500 A˚ range. On face value, our V mag-
nitude then implies V = 18.1 ± 0.4 for the sec-
ondary alone. Because the secondary’s fractional
contribution was probably a little higher in Jan-
uary (when the photometry was taken) than in
February (when the secondary contribution was
measured), our best estimate for the secondary’s
magnitude is V = 17.9± 0.4.
The lower panel of Fig. 2 shows averaged, mean-
subtracted, differential I-band magnitudes as a
function of orbital phase. The time averaging sup-
presses considerable flickering present in the orig-
inal time series. The light curve shows two humps
per orbit, with mean full amplitude 0.076(9) mag.
The minima appear to be asymmetric, differ-
ing by ∆A = 0.012(7) mag. This is the wave-
form characteristic of tidally distorted secondaries
within a Roche lobe, as calculated for example by
Bochkarev et al. (1979) (hereafter BKS).
3. Inferences
Distance. The secondary spectrum and pe-
riod constrain the distance. Assuming the sec-
ondary fills its Roche lobe, we have R2/R⊙ =
0.234f(q)P
2/3
hr
(M2/M⊙)
1/3
(Beuermann et al.
1998), where f(q) is very close to unity over the
range of interest. Evolutionary models suggest
M2 = 0.125 M⊙ (see below), and because this en-
ters weakly in the present calculation we take this
as a guide, assuming an uncertainty of ±0.025
M⊙, which yields R2 = 0.185 ± 0.013 R⊙. K-
star surface brightnesses inferred from Table 3 of
Beuermann et al. (1999) then imply that the sec-
ondary has MV = 9.4 ± 0.4, where nearly all the
uncertainty arises from the spectral type. Our
photometry and estimated secondary-star contri-
bution then gives m−M = 8.5± 0.6. QZ Ser lies
at b = +47◦, and Schlegel, Finkbeiner, & Davis
(1998) estimate E(B − V ) = 0.05 in this loca-
tion from IRAS 100-micron maps, or AV = 0.17.
Accounting for this yields a distance around 460
(+150, −110) pc. At 460 pc, µ<∼ 0
′′.03 yr−1 cor-
responds to vT <∼ 65 km s
−1, which is not unlikely.
Orbital Parameters and Masses. After correct-
ing for the estimated blue-star contamination in
the I band, the ellipsoidal light curve has A =
0.098(14) mag and ∆A = 0.015(9) mag. To repro-
duce these numbers, we interpolated and extrapo-
lated from Table I of BKS, adopting plausible val-
ues of limb- and gravity-darkening for a cool star
(respectively u = 0.8 and β = 0.6, but the results
are not sensitive to these choices). With mass ra-
tios in the range 0.1-0.4, we obtained the measured
A for inclination i = 33 ± 4 degrees (at such low
inclinations, A depends mainly on i). In princi-
ple we could use the measured ∆A to constrain
q(i) further, but our measurement is too crude,
and cataclysmic variables can easily produce sig-
nals at Porb from effects unrelated to ellipsoidal
distortion.
The secondary’s velocity amplitude gives a
mass function of 0.075(5) M⊙. This may be
distorted by illumination effects, but we see no
evidence of variation of the line features with or-
bital phase. If we assume for a moment that
M2 = 0.125 M⊙ and a broadly typical white dwarf
mass M1 = 0.7 M⊙, the mass function implies
i = 32◦, essentially identical to the inclination
derived from the ellipsoidal variations. We em-
phasize that we have not measured these masses,
but we use them only to show that the data are
consistent with our scenario without assuming an
unusual mass for the white dwarf. As noted ear-
lier, we believe that the apparent emission line
radial velocities do not indicate the white dwarf
motion with any interesting accuracy.
4. Discussion
QZ Ser is only the second short-period dwarf
nova to show a K-star secondary. In all other
dwarf novae with Porb<∼ 2 hr, save for a hand-
ful of helium systems, the secondaries are late M
dwarfs which contribute a small fraction of the
visible light. How are we to account for this un-
usual object? As with RX 2329+06 (Thorstensen
el al. 2002), we suggest that the secondary evolved
significantly on the main sequence prior to mass
transfer, enhancing the core with enough helium
to greatly affect the mass-Teff relation. The small,
hot secondary we see is the remnant of a once more
massive secondary.
For illustration, we computed some evolution-
ary models in the framework of the standard
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disrupted magnetic braking scenario (see Baraffe
& Kolb 2000 and references therein). At the
∼ 2 hr orbital period of QZ Ser, a donor which
started mass transfer on the zero-age main se-
quence (ZAMS) would have spectral type M4-
M5 and mass M2 ∼ 0.2M⊙. Such a “stan-
dard” sequence, based on the models of Baraffe
& Kolb (2000), is displayed in Fig. 4 by the solid
curve. Also shown in Fig. 4 are some test cal-
culations in which mass transfer begins near the
end of central H burning. The tracks shown rep-
resent several choices of initial secondary masses
M2 >∼ 1M⊙, constant mass loss rates M˙ ∼ 10
−9−
10−8M⊙yr
−1, and different levels of nuclear evo-
lution Xc<∼ 0.1. As Fig. 4 shows, these naturally
reproduce the observed properties of QZ Ser and
RX 2329+06. The choice of our parameters seems
reasonable and we do not require particularly ex-
treme assumptions on our evolutionary scenarios
to fit these objects6.
As already mentioned in Thorstensen el al.
(2002), the models predict altered surface abun-
dances. Fig. 4 displays the surface enrichment
of 14N processed by the CNO cycle in the deeper
layers and mixed up to the surface. The surface
helium abundance increases also, reaching mass
fraction ∼ 0.6 at Porb ∼ 2h. In RX 2329+06 the
strengths of Hα and HeI λ5876 are in the ratio
3.6:1, whereas this ratio is typically 6 and above
in SU UMa stars (Thorstensen el al. 2002); in the
2002 February spectra of QZ Ser, the ratio is 5:1,
which may indicate some enhancement of He. As
noted earlier, though, He features were nearly ab-
sent in the 2002 January pre-outburst spectra, so
the He:H line ratio is evidently not a consistent
measure of abundance in this object.
The sodium enhancement noted earlier (if real)
may provide an important window on the sec-
ondary’s nuclear processing history. The tem-
peratures reached in the deepest layers of stars
with masses >∼ 1.2M⊙ near the end of central H
burning are high enough to allow the production
of 23Na via the 22Ne(p, γ)23Na reaction. During
mass transfer, the convective envelope proceeds
inward and may reach the Na-enriched layers. At
the 2-hour period of QZ Ser, the bottom of the
6With our assumptions, the system in principle should have
initially tranferred mass on a thermal timescale, until M2
became small enough for the system to reappear as a stan-
dard CV (see Baraffe & Kolb 2000 for a discussion).
secondary’s convective envelope should reach into
layers which have attained temperatures of 1.5 –
2×107 K during prior evolution. Based on the re-
cent NACRE reaction rates (Angulo et al. 1999),
this is hot enough to destroy 22Ne by proton cap-
ture, but it is not hot enough for the Na-Ne cycle
to contribute significant Na enhancement (Weiss,
Denissenkov, & Charbonnel 2000). A combina-
tion of deep mixing and Ne-Na cycling has been
considered as an explanation for anomalous Na
abundance in globular cluster giants (Denisenko &
Denisenkova 1990; Kraft et al. 1997; Weiss, Denis-
senkov, & Charbonnel 2000). The nuclear reaction
networks presently implemented in our models un-
fortunately do not produce a quantitative estimate
the sodium enhancement, but work is in progress
to remedy this. At present, we can only point
to the strong Na lines as a clue that the surface
material was processed at relatively high tempera-
tures, mixed upward, and exposed as mass transfer
stripped away the overlying layers.
The origin of the Na enhancents in the globu-
lar cluster stars is uncertain, and as in that case,
it is possible that QZ Ser’s sodium was already
present in the gas from which the system formed.
It would therefore be desirable to detect the pri-
mary products of CNO processing – He and N en-
richment, and C and O depletion. Unfortunately,
test model atmospheres with Teff = 4300 K and
log g = 5.5, kindly computed by F. Allard (private
communication) showed essentially no observable
effect when He was enhanced to 50% in mass frac-
tion and the CNO abundances were altered as ex-
pected. More noticeable effects should appear in
models at cooler temperatures (Teff < 4000 K),
where molecules involving C or O form.
If our interpretation based on nuclearly evolved
donors is correct, we may expect that a non-
negligible number of short period CVs with
anomalously hot secondaries will be discovered.
As already emphasized by Beuermann et al. (1998)
and Baraffe & Kolb (2000), such evolved sequences
can indeed explain a substantial fraction of the
observed CVs with late spectral types and orbital
periods P >∼ 6 h. As shown in Fig. 4, the most
evolved sequences which provide an explanation
for such systems predict as well the existence of
early spectral types at shorter periods. The late
spectral type systems with P >∼ 6 h represent a
non-negligible fraction of systems in the sample of
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Beuermann et al. (1998). Baraffe & Kolb (2000)
were thus concerned by the fact that such evolved
sequences may remain active in the 2-3 h period
gap, since such extreme secondaries never become
fully convective. In order to prevent populating
the period gap and predicting too early spectral
types at shorter periods, (Baraffe & Kolb 2000,
see their §4) suggested an increase of the mean
mass transfer rate during the secular evolution of
such evolved donors. However, the existence of
QZ Ser at Porb = 2.0 h now supports the idea
that evolved sequences may remain active in the
gap.
Our proposed scenario would be supported if
QZ Ser and RX 2329+06 were found to have en-
hanced CNO-process abundances at their surfaces,
and a more quantitative study of the abundances
of Na, Al, and other light metals may provide this
evidence despite the low Teff . In the models we
have computed to date, the secondaries in longer-
period systems are significantly less massive than
in ‘standard’ systems. If this tendency proves ro-
bust, accurate measures of donor masses in long-
period systems could identify systems destined to
evolve into stars like RX 2329+06 and QZ Ser in
our scenario. Finally, if our interpretation is cor-
rect, one should find similar systems in the period
gap.
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Table 1
Journal of Spectroscopy
UT Date Na HA start HA end
2002 Jan 20 2 −2 : 32 −2 : 20
2002 Jan 21 2 −2 : 58 −2 : 45
2002 Feb 16 3 −2 : 30 −2 : 00
2002 Feb 17 15 −2 : 30 −0 : 13
2002 Feb 19 20 −4 : 40 −1 : 27
2002 Feb 20 12 −3 : 07 −1 : 21
2002 Feb 21 12 −3 : 34 −1 : 20
2002 Feb 22 7 −2 : 37 −0 : 57
2002 Jun 13 4 +0 : 51 +1 : 18
aNumber of spectra.
Table 2
Emission Features
Feature E.W.a Fluxb FWHM c
(A˚) (10−15 erg cm−2 s1) (A˚)
Hγ 27 107 25
HeI λ4471 11 50 24
Hβ 33 131 25
HeI λ4921 10 41 36
HeI λ5015 13 50 45
HeI λ5876 11 49 25
Hα 36 158 27
HeI λ6678 7 29 32
HeI λ7067 9 37 37
aEmission equivalent widths are counted as positive.
bAbsolute line fluxes are uncertain by a factor of
about 2, but relative fluxes of strong lines are estimated
accurate to ∼ 10 per cent.
cFrom Gaussian fits.
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Table 3
Fits to Radial Velocitiesa
Data set T0
b P K γ N σ
(d) (km s−1) (km s−1) (km s−1)
Absorption 2328.0443(3) 0.0831612(11) 207(5) −9(4) 77 17
Hα emission 2326.9284(12) [0.0831612] 69(6) −20(4) 69 23
aFits are of the form v(t) = γ+K sin[2pi(t−T0)/P ]. The number of points used is N and
σ is the standard deviation from the best fit.
bBlue-to-red crossing, HJD −2450000.
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Fig. 1.— Mean flux-calibrated spectrum. In the
upper trace, the individual exposures have been
shifted into the absorption rest frame and the trace
has been shifted upward.
Fig. 2.— Data folded on the binary period.
All points are shown twice for continuity. Up-
per panel: Radial velocities with best-fitting si-
nusoids. Emission velocities are shown as round
dots; absorption velocities are as follows: 2002
January = open squares, 2002 February = filled
squares, and 2002 June = open triangles. Middle
panel: Phase-averaged, mean-subtracted, I-band
differential magnitudes. Lower Panel: Equivalent
widths of the diffuse λ5910 absorption feature.
Fig. 3.— Spectra near λ5900 rectified and shown
as greyscale against phase. All data are shown
twice for continuity. The emission feature to the
left is HeI λ 5876. Note the doppler motion of the
sharp absorption features, and the diffuse absorp-
tion feature around λ5910. (Included as a separate
jpg file in astro-ph preprint. The white horizontal
line is an artifact of the ps to jpg conversion.)
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M8
M4
M0
K4
K0
Fig. 4.— Spectral type, mass, effective temper-
ature and surface 14N abundance (normalized to
the solar abundance) of the secondary versus or-
bital period. The solid curve corresponds to a
“standard” sequence with an initially unevolved
donor, in the framework of the disrupted mag-
netic braking model (reproducing the 2-3h pe-
riod gap). The other curves correspond to evolu-
tionary sequences starting mass transfer near the
end of H burning, at a central H mass fraction
Xc. Long-dashed curve: M2 = 1.2 M⊙, M˙ =
1.5 × 10−9M⊙yr
−1, Xc = 4 × 10
−4. Dash-doted
curve: M2 = 1.3 M⊙, M˙ = 1.5 × 10
−9M⊙yr
−1,
Xc = 5×10
−2. Short-dashed curve: M2 = 1.5M⊙,
M˙ = 10−8M⊙yr
−1, Xc = 1.7 × 10
−2. The loca-
tions of QZ Ser (present work, filled triangle) and
RX 2329 (Thorstensen el al. 2002), filled square)
are indicated. The filled circles are observations
from Beuermann et al. (1998).
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This figure "figure3.jpg" is available in "jpg"
 format from:
http://arxiv.org/ps/astro-ph/0206435v1
